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ABSTRACT: We present high-resolution, all-optical thermometry based on ensembles of GeV 
color center in diamond. Due to the unique properties of diamond, an all-optical approach using 
this method opens a way to produce non-invasive, back-action-free temperature measurements in 
a wide range of temperatures, from a few Kelvin to 1100 Kelvin.  
Understanding the thermal properties of a living organism is a long-standing problem, since 
temperature is the most fundamental factor regulating all chemical reactions in vivo1–4. 
Development of high-resolution temperature measurement techniques made it possible to question 
temperature function at the single-cell level, or even within the cell5–8. Addressing the thermal  
properties of specific organelles opens the door to new possibilities for understanding intra-cell 
chemistry. Living cells actively react to environmental changes in temperature and are likely to 
change their internal temperature during such processes as division, gene expression, enzyme 
reaction, and metabolism9,10. This temperature change should be relatively small and transient, 
however, due to a cell’s strong interactions with its environment. Therefore, detecting this 
temperature change is quite challenging. 
A number of intra-cell temperature mapping techniques have been suggested in recent 
years. For example, fluorescent nanogel was used in combination with time-resolved photon 
counting, enabling temperature sensitivity of better than 0.5 degree inside the cell6. Local 
measurements with an ultrathin thermocouple were demonstrated to have a similar level of 
sensitivity7. Another interesting technique is based on quantum dots and the dependence of their 
photoluminescence spectra on temperature11. Probably the most precise measurement of 
temperature inside the cell was achieved using NV color center in diamond5,8. Here, by 
controllably heating a cell via laser illumination of a gold nanoparticle, researchers were able to 
achieve the temperature resolution well below 0.1 degree. In addition to providing superior 
sensitivity, this method has a number of advantages related to the intrinsic properties of diamond: 
it is chemically and physically inert, is not porous and has low toxicity, and such a sensor does not 
affect the cell’s functionality to the extent possible. In addition, the surface passivation of diamond 
nanoparticles is well developed12–16 enabling selective attachment of nanodiamonds to specific 
organelles of the cell, and therefore, in vivo measurement of their temperature response under 
various conditions. 
While an NV-center-based sensor provides the best temperature sensitivity, it has a 
considerable limitation due to the fact that it requires the application of microwave radiation to the 
diamond. Since microwave radiation cannot be focused below a cell’s size, the cell must be 
exposed to a large dose. At the same time, microwave radiation can produce heating or otherwise 
influence cell chemistry17,18. A possible alternative for the NV center may be a SiV center19 or 
novel GeV center, which has optical spectra dominated by a zero-phonon line, thus offering a 
possibility to measure temperature through detection of their spectral response. This better-
developed SiV color center also has a narrow spectral line, but compared to the SiV center, the 
GeV center has a nearly unitary quantum efficiency that minimizes possible heating effects due to 
the cell’s interaction with optical radiation.  
 Figure 1. A) Schematic of the experimental setup. B) Level scheme of a GeV center. C) GeV center 
spectra at various temperatures. Solid lines correspond to fit, and dots, to experimental data. 
Dashed vertical lines represent the “center of mass” of the zero-phonon line.  
The idea of GeV-based thermometry is founded on optical measurements of the shift of a 
spectral position of the zero-phonon line and its spectral width with the temperature change. The 
GeV center has a similar level structure to the SiV center20–22. Temperature dependence of SiV 
energy levels was thoroughly analyzed by Jahnke et al23. The shift and broadening of the spectral 
lines of an SiV center are dominated by the second- and first-order processes of the corresponding 
electron-photon interaction in the excited state. The rate of electron-phonon interaction is much 
higher than the spontaneous decay rate of the exited state in a wide range of temperatures, leading 
to the strong modification of the line width of the transition and the shift of its position. Since two-
phonon processes dominate over single-phonon processes, this interaction results in 3T  
dependence of the zero-phonon line position. To verify that the physics of the temperature shift of 
the GeV color center spectral line is similar, we measured a temperature dependence of the GeV 
zero phonon line.  
 Figure 2. Fitting details. A) Fit with 3 Lorentzian curves at room temperature. Dashed lines indicate 
individual Lorentzian curves, and solid lines, overall fit. B) Fit with 4 Lorentzian curves at low 
temperature. Inset demonstrates sharp features at the spectrum, which appear at low temperatures. 
These features do not affect fits of the zero phonon line position and width.  
For our measurements, we used a home-built, 2-channel confocal microscope (see Figure 
1A). One of the channels was connected to an avalanche photodiode, allowing the sample 
visualization and focusing; the other was connected to the spectrometer (see Supporting 
Information for more details).  
The zero-phonon line of the GeV center consists of 4 components, as shown in Figure 1B. 
Nevertheless, at room temperature, splitting between these 4 lines is completely covered by 
temperature-dependent broadening and, therefore, the band could be considered a single  peak (see 
Figure 1C). Besides the zero-phonon line, the spectrum of the GeV center has a considerable 
fraction of emission to the phononic sideband. To take into account the presence of this sideband, 
we performed a fitting of the spectrum with 3 Lorentzian curves, as shown in Figure 2A.  
With a temperature decrease, line broadening decreases, and about 150 K, the zero-phonon 
line splits into two peaks (Figure 3B & Figure 1C), corresponding to transitions A & B and C & 
D (Figure 1B). At this moment, fitting the spectrum with 3 Lorentzians becomes invalid. At 
temperatures lower than 150 K, 4 components/curves were used to account for the splitting of the 
zero-phonon line (see Figure 2B). To correlate the spectral position of the single line at higher 
temperatures with the doublet structure after splitting, one could calculate the “center of mass” of 
the doublet, as shown in Figure 1C. It is clear from Figure 3A that the “center of mass” of the 
doublet smoothly continues the dependence of the spectral shift of the single line on temperature, 
but deviates from the expected 3T  dependence. This is due to the fact that after the splitting, the 
relative intensities of the 2 lines in the doublet change with temperature (see Figure 1C). This 
change is rather easy to understand: the mixing of excited states by interaction with phonons leads 
to the rapid thermal relaxation of the exited stated population. Therefore, the ratio of spectral line 
intensities should be proportional to the Boltzmann factor e
kT
e

 where e  is the energy splitting 
in the excited state and T  is the temperature. Therefore, in order to calculate the “center of mass” 
of the doublet that takes temperature influence into account, one needs to include the Boltzmann 
factor as a weight of the spectral line (see Figure 3A). One could see that this correction is 
significant at temperatures below 150 K. Unfortunately, at temperatures right before the spectral 
line splits into doublet, correction of the weight using the Boltzmann factor is not possible. This is 
due to the reduced population of the upper level already affecting the observed position of the line, 
thus causing a slight deviation from the expected 3T  dependence right before the splitting 
temperature.  
At the low temperature limit, the two peaks continue to shift apart (see Figure 3A) and 
change their relative amplitude, thus slowly converting to a single line due to the Boltzmann factor. 
In principle, one could expect further splitting of the remaining line into doublet corresponding to 
the ground state splitting, but due to the limitation of our spectrometer, this splitting was not 
observed. As noted, the theoretic model23 predicts a cubic temperature dependence for the zero-
phonon line width when temperatures are sufficiently high. Indeed, Figure 3B shows a dependence 
that is close to cubic, in agreement with the model used. 
 Figure 3. A) Temperature dependence of the zero-phonon line position for sample #1. B) 
Temperature dependence of the zero-phonon line position for various samples fitted with 
3aT b  
dependence. Index S stays for the sample, and p for position on the sample. C) Width of the zero 
phonon line versus temperature fitted with aT b   dependence where   is used as a fit 
parameter. High power corresponds to 12 mw; low power corresponds to 1.4 mw. 
To estimate an absolute uncertainty of our temperature measurements, we compared 
several samples with different concentrations of GeV centers and different methods of center 
creation. As one can see from Figure 3B, in all 4 cases, the temperature dependence is the same. 
Nevertheless, there is a small offset of the line position at room temperature that is most likely due 
to the different local strain, which leads to considerable uncertainty in the absolute temperature 
measurement. This uncertainty could be estimated as 0.5 K when one averages all the data taken. 
To avoid this uncertainty, the single-point calibration technique could be used. In this 
technique, the position of the spectral line of GeV center is first measured for a known temperature, 
and then a relative change of temperature is measured by change in the position of the GeV line. 
Alternatively, one could use a GeV-based sensor only as a relative thermometer in a reasonable 
range of parameters. In the first case (see Figure 4A), uncertainty of the measured temperature 
could be estimated as 0.5 K per 10 seconds of integration time (see Supporting information), which 
is estimated as the standard deviation of measured points. The line width has a larger uncertainty 
(see Figure 4B) of 1 K. If calibrated by 1 point, the uncertainty of the absolute temperature 
measurement will be 0.5 0.1K T  where T  is detuning from the point where the sensor was 
calibrated. This uncertainty is mostly limited by the fitting accuracy at calibration temperature for 
shorter measurement times, and the spectrometer stability for longer times (see Supporting 
information) for temperatures around 300 K. At low temperatures, the main limitation factor is the 
resolution of our spectrometer. The upper limit of the range in which the sensor proposed is 
sensitive to the temperature is the ignition temperature of diamond, which is about 850º C.  
On the other hand, the SiV case GeV center does not have any lifetime measurable 
temperature dependence. Our measurements, performed using a pulsed laser (see Figure 1A), are 
consistent with each other for all temperatures within 2% for samples 1 & 2 and within 6% for 
sample 3 & 4, which merely represents the uncertainty of lifetime measurements for these samples. 
The absence of such dependence clearly indicates that the decay of the exited state does not have 
a considerable photonic contribution and is purely radiative, which additionally minimizes the 
possible heating of an object of study by the thermometer based on GeV color centers.  
 
Figure 4. A) High-resolution temperature dependence of the GeV center zero-phonon line position. 
B) High-resolution temperature dependence of the GeV center zero-phonon line width. 
We proved that the GeV spectral line depends on temperature via coupling of excited states 
to lattice phonons. Based on this mechanism/dependence, an all-optical, high-resolution 
thermometry technique that covers a wide temperature range from 4 K to 1100 K was proposed, 
and corresponding measurements from low to high temperature regions were demonstrated. In 
particular, this mechanism provides a non-invasive temperature sensor for biological applications, 
including intra-cell, in vivo measurements.  
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